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SUMMARY

A computer code has been developed to solve the full Navier-Stokes equations in
a supersonic combustion ramjet (scramjet) inlet. In order to be able to consider a
general inlet geometry with embedded bodies, a numerical coordinate transformation is
used which generates a set of boundary-fitted curvilinear coordinates. The physical
domain is transformed into a rectangular computational domain with uniform mesh spac-
ings. Embedded bodies are transformed into slits. MacCormack's unsplit, explicit,
two~step, finite-difference method is used to solve the governing equations. An
algebraic, two-layer eddy-viscosity model is used for the turbulent flow. The code
can analyze both inviscid and viscous flows with no strut, one strut, or multiple
struts in the flow field. A brief description is given of how this two-dimensional
analysis can be used in a quasi three-dimensional form to analyze actual scramjet
inlets. Detailed results are presented for one model inlet problem and several
actual scramjet-inlet configurations. The application of the code in preliminary
parametric design studies of a scramjet inlet is discussed briefly.

The Langley Research Center is currently engaged in developing an airframe-
integrated, hydrogen-fueled, supersonic combustion ramjet (scramjet) engine for
hypersonic speeds. (See refs. 1 and 2.) Integration of the vehicle and propulsion
system provides the use of the vehicle forebody to precompress the engine airflow
before it enters the inlet and the use of the vehicle afterbody for additional expan-
sion of the nozzle exhaust gas. Figure 1 shows the basic engine concept. It 1is seen
that the entire under surface of the vehicle is part of the propulsion system. At a
high Mach number, the need for integration arises because almost all of the airflow
between the vehicle and its bow shock is required by the engine for good performance.
This suggests an inlet capture area with an annular shape. By splitting the annular
area into smaller rectangular modules, the primary engine becomes a system of iden-
tical units of size and shape appropriate for testing in ground facilities. One such
rectangular module is shown in figure 2 with a cross-sectional view at the bottom of
the figure. The module has a fixed-geometry inlet with wedge-shaped sidewalls.

Sweep of these sidewalls, in combination with a recess in the cowl, allows spillage
to occur efficiently with fixed geometry of the inlet. Inlet compression is com-
pleted by three wedge-shaped struts located at the minimum-area section.

Considerable aerodynamic testing over a period of years has resulted in an inlet
design which performs well over a wide Mach number range. The basic design features
of this inlet are described in reference 3. A problem, that has been shown to exist
by the experimental work, is an interaction between the combustion-induced distur-
bances and the inlet flow; this has resulted in either increased spillage from the
inlet or complete engine unstart. Although this interaction problem is being inves-
tigated in further inlet and engine tests, it has not yet been addressed analytically
and will not be addressed herein. However, with the availability of high-speed com-
puters and advanced computing techniques, it is now feasible to study the flow ana-
lytically in an isolated scramijet inlet. This will not only help in analyzing the
problems observed experimentally but will also allow a parametric study in the future
inlet designs with a substantial reduction in cost and time.



The flow in the scramjet inlet is highly three dimensional, possibly turbulent,
and has complex shock—expansion-wave interactions. It also involves strong shock—
boundary~-layer interactions which may result in separated regions. To analyze such
flows, it is necessary to use the full Navier-Stokes equations with proper turbulence
modeling. Previous analytical work for the scramjet inlet has been very limited,
confined only to inviscid two-dimensional flows using shock fitting techniques. (See
refs. 3 and 4.) The objective of the present work is to develop a numerical computer
code which can analyze the viscous flow in the scramjet inlet. A two-dimensional
computer code has been developed initially to gain understanding of some features of
the inlet flow.

The analysis as such uses the two-dimensional Navier-Stokes equations in conser-
vative law form to describe the inlet flow. A two-layer eddy-viscosity model due to
Baldwin and Lomax (ref. 5) is used for the turbulent flow. In order to facilitate
the usage of a general inlet geometry with embedded bodies, a numerical coordinate
transformation is used which generates a set of boundary-fitted curvilinear coordi-
nates. (See refs. 6 and 7.) It transforms the physical domain into a rectangular
domain with uniform mesh spacing, and embedded bodies in the flow field are trans-
formed into slits. The transformation allows for concentrating mesh lines in regions
of high gradients. The transformed governing equations are solved by an unsplit,
explicit, two-step, finite-difference method due to MacCormack. (See ref. 8.) This
explicit method is highly efficient on the vector-processing Control Data CYBER 203
computer for which the current computer code is written.

The code, in its present form, can analyze two-dimensional inviscid and viscous
(laminar and turbulent) flows with no strut, one strut, or multiple struts in the
flow field. 1In order to explore the potential of the code, several model inlet prob-
lems have been solved. The results for one such problem are presented herein. A
brief description is given of how this two-dimensional analysis can be used in a
quasi three-dimensional form to analyze actual scramjet inlets. Detailed results for
inlets having one, two, and three struts are presented herein.

SYMBOLS

H total enthalpy

h static enthalpy

i,j x and y grid indices, respectively
J Jacobian determinant
M, Mach number at face of inlet

M1,N component of M1 normal to sidewall leading-edge sweep
M1,t component of M, tangential to sidewall leading-edge sweep
M free-stream Mach number

) laminar Prandtl number
NPr,t turbulent Prandtl number




N Reynolds number

Re
n number of time-steps
p pressure
Pq pressure at face of inlet
qx,qy components of heat flux in x,y-system
R gas constant
T temperature
T4 temperature at face of inlet
t time
u,v components of velocity in x,y-system
u,v transformed velocities defined in equation (3)
X,y Cartesian coordinates
A sweep angle of sidewall leading edge
V) effective viscosity, By + By
pl laminar viscosity
My turbulent viscosity
L/ transformed coordinates
p density
cx'gy'Tyx components of stress tensor in X,y-system

ANALYSIS
Coordinate Transformation

In order to facilitate the usage of a general inlet geometry with embedded
bodies, a numerical coordinate transformation is employed which generates a set of
boundary~fitted curvilinear coordinates, C((x,y) and n(x,y). It transforms the
physical domain into a rectangular domain with uniform mesh spacings in the {- and
n-directions. Embedded bodies in the flow field are transformed into slits. Fig-
ure 3 illustrates the coordinate transformation. Figure 3(a) shows a two—-dimensional
geometry in the physical plane, where a strut EFGH 1is seen sitting in the flow
field. Figure 3(b) shows the geometry in the transformed plane. The outer
boundary ABCD is transformed into a rectangle A'B'C'D', and the strut EFGH is
transformed into a slit E'G'. The upper surface of the strut is made coincident
with one of the mesh lines, and the lower surface of the strut is treated
separately. The transformation allows for concentrating the mesh lines in regions of
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high gradients such as around the strut or near boundary surfaces. A typical grid is
shown in figure 3(c) downstream of line 2ZZ'. Every other grid point is plotted in
the y-direction.

The coordinates in the present analysis are obtained by using the approach of
Thompson et al. (ref. 6) in which [(x,y) and n(x,y) are solutions of the
equations

<
e
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= P(C,n)
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where V2 is the Laplacian operator (32/x2% + 32/dy?). Both P(L,n) and Q(Z,n)
are the source terms used to control the spacing of { = Constant and mn = Constant
lines in the physical plane. In the present analysis, these terms are in the form
described in reference 6. The coordinates UC(x,y) and n(x,y) are subject to
Dirichlet boundary conditions along boundaries AC and BD and Neumann boundary
conditions along boundaries AB and CD. The Navier-Stokes equations are solved in
the transformed plane, and the inlet flow field in the physical plane is obtained by
using the inverse transformation x({,m) and y(,n).

The aforementioned transformation has indirect grid control and requires an
iterative procedure to solve the set of two-dimensional elliptic equations which make
it complex and time consuming. Its extension to three—-dimensional domains becomes
even more complex and time consuming. In future application of the code developed
herein, an algebraic numerical transformation (ref. 7) will be used which allows for
direct grid control. This transformation is suitable for three dimensions and is
very inexpensive since it uses algebraic relations to relate the physical domain to
the computational domain.

Governing Equations

Two-dimensional Navier-Stokes equations in fully conservative form are used to
describe the inlet flow. The transformed equations can be written as
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Here, x denotes 3x/dL, and so forth, and
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The quantities o, o, and Tyx are components of the stress tensor and are
X Yy

given by
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The quantities q, and q, are components of the heat flux and are given by
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In order to complete the set of governing equations, equation of state p = pRT
is used, where R 1is the gas constant.

In equations (4), p is the sum of laminar viscosity and turbulent viscosity.
The laminar viscosity for air is calculated from Sutherland's formula. The turbulent
viscosity is calculated from an algebraic, two-layer eddy-viscosity model developed
by Baldwin and Lomax. (See ref. 5.) Use of this model does not require the knowl-
edge of the boundary-layer thickness; instead, the model uses the vorticity at each
point in the flow field to characterize the scale of turbulence. The model as such
consists of an inner law and an outer law. The inner law is applicable from the wall
out to the location in the flow where the eddy viscosity given by the inner law is
equal to that of the outer law. The outer law then is assumed applicable for the
remainder of the flow. Details of the model are given in reference 5 along with the
values of various constants used in the model.

Method of Solution

The governing equations are solved by an unsplit, explicit, two-step, finite-
difference method developed by MacCormack. (See ref. 8.) This explicit method has
second-order accuracy in both space and time and is highly efficient on the Control
Data CYBER 203 vector-processing computer for which the current code is written. If
a solution to equation (2) is known at some time t = n At, the solution at the next
time-step, t = (n + 1) At can be obtained from

+
s Ly O (6)
i i,J
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for each node point (i,j). The finite-difference operator L consists of a pre-
dictor step and a corrector step. Spatial derivatives in the predictor step are
calculated by forward differences, whereas in the corrector step they are calculated
by backward differences. The shear stress and heat-flux terms appearing in equations
for M and N are backward differenced in the predictor step and forward differ-
enced in the corrector step. When this method was applied to a two-dimensional,
symmetric converging duct, it was found that the symmetry of the flow field is better
achieved by reversing the order of differencing for the predictor and corrector steps
from one time-step to the next time-step; that is, if forward and backward differ-
ences are used in time-step n, then backward and forward differences should be used
in time-step n+1. The order of differencing is also reversed for shear and heat-
flux terms. Details of the method and expressions for the predictor and corrector
steps are given in reference 8.

A fourth-order numerical damping, given in reference 9, is used in the present
analysis to damp the oscillations which occur in the neighborhood of strong shocks in
the flow field.




Boundary and Initial Conditions

The flow variables at the inflow boundary are held fixed at given free-stream
values, whereas first-order extrapolation is used to obtain the flow variables at the
outflow boundary. For viscous flows, no-slip and adiabatic-wall conditions are
applied. Along the lower wall, for example,

i, 3=1 " 0
Vi =1 7O
Ti,3=1 = Ti,3=2

The pressure is determined from the boundary condition that the normal derivative
of p vanishes, which is approximated by dp/dn = 0 , resulting in

Pi 5=17 Pi,3=2

For inviscid flows, the tangency condition is satisfied on the surfaces; that is,
V = 0. The pressure and temperature are extrapolated from the interior grid points,

and u is obtained from the total enthalpy which is held constant.

The aforementioned boundary conditions are applied in both the predictor and
corrector steps. Initial conditions are normally prescribed for each set of calcula-
tions by assuming that free—-stream conditions exist at all the grid points except at
the boundaries where proper boundary conditions are applied.

Computational Grid and Time Requirements

All the computations are made on the Control Data CYBER 203 vector-processing
computer (an upgraded version of the Control Data STAR 100 computer) by using the
64~bit arithmetic. A grid of 51 x 51 is used in the calculations which requires
approximately 200 K computer storage. The solution advances about 20 time-steps per
sec for the viscous flow and about 30 time-steps per sec for the inviscid flow. When
the change in the density over two time-steps is of the order of 1077, the solution
is assumed converged. B typical solution is obtained in 2 to 5 min, depending upon
the number of time-steps required for convergence.

DISCUSSION OF RESULTS

This section briefly describes how the two-dimensional analysis can be used for
three-dimensional scramjet inlets under certain assumptions. Detailed results are
presented for one model inlet problem and for several scramjet-inlet configurations.
All the results presented herein are for air under the perfect gas assumption.



Model Inlet Problem

The geometry of the model inlet problem is shown in figure 4. The inlet length
is 10 cm with an initial height of 1.5 cm. The calculations are made in the region
starting 1 cm ahead of the inlet, thus bringing the total length to 11 cm. The top
surface produces a 10° compression at x = 1 cm and then a 20° expansion at
x = 6 cm. The cowl plate is located in such a way that the shock from the top sur-
face does not hit it, thus allowing a fraction of the flow to spill out of the inlet.
The dimensions in the model problem have been fixed on the basis of certain features
of the engine inlet flow, such as spillage, but are not typical of the actual engine
dimensions. As will be seen, the problem clearly brings out the importance of the
viscous effects which are normally neglected or accounted for approximately. Cal-
culations are made for the inviscid, laminar, and turbulent flow by using the follow-
ing conditions at the inflow boundary of the inlet: M, = 5.0 , pq = 101 325 Pa,
and Ty = 293 K.

Figures 5 and 6 show the velocity-vector field and pressure contours, respec-
tively, downstream of line ZZ'. For clarity, these plots are shown in the region
downstream of the expansion corner from x = 6 cm to the end of the inlet. Upstream
of the expansion corner, the shock from the top surface turns the flow downward by
about 10°. Because of this, some flow spills out of the inlet ahead of the cowl
plate. The velocity-vector fields in figure 5 are plotted for the laminar and turbu-
lent flows only. Every other grid point is plotted in the y-direction. It is seen
that the laminar boundary layer on the top surface separates because of the interac-
tion of the cowl shock with the boundary layer on the top surface. The separation
completely disappears for the turbulent flow under the aforementioned flow condi-
tions, since the turbulent boundary layer is able to accept higher adverse flow grad-
ients without separating.

The pressure contours in figure 6 are shown for inviscid, laminar, and turbulent
flows. These contour plots clearly show the interaction of the cowl shock with the
expansion waves from the top surface. Due to this interaction, the shock hits the
top surface earlier than it would have without the interaction. The expansion waves
go through the shock and attenuate the pressure on the cowl plate, whereas the shock
is reflected from the top surface. It is also seen that the point, at which the cowl
shock hits the top surface, moves upstream with increasing viscous effects. Thus, it
is necessary to include viscous effects in the inlet analysis to locate the waves in
the flow field properly.

Figure 7 shows the pressure distribution on the top surface of the inlet for the
inviscid flow. The pressure is seen to increase because of the compression at
x = 1 cm. It remains constant until it is decreased because of the expansion at
X = 6 cm. It again remains constant until the cowl-plate shock hits the top surface
which increases the pressure. The gradual decrease in the surface pressure toward
the end of the inlet is due to the expansion waves which hit the top surface after
being reflected from the cowl plate. The pressure distribution from the exact
shock—expansion-wave theory is also shown in figure 7 for comparison with the
present calculations. The exact results are shown only up to the point where the
cowl shock hits the top surface. It is seen that the present results are in
excellent agreement with the exact calculations.

As mentioned earlier, the geometry of the problem is such that some flow spills
out of the lower boundary. The spillage, as calculated by the present analysis, is
29.8 percent for the inviscid flow, 36.3 percent for the laminar flow, and 43.2 per-
cent for the turbulent flow. The exact values for the inviscid flow are 31.4 percent
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for 10° compression, 36.7 percent for 10.5° compression, and 42.3 percent for 11°
compression. This implies that the effective change in the body compression angle
due to viscous effects is approximately 0.5° for the laminar flow and 1° for the
turbulent flow, which compares well with the estimates based on the boundary-layer
displacement-thickness calculations.

The results of the model problem show that the present code predicts the complex
supersonic flow very well. In the following section, the code is used to analyze
actual scramjet—-inlet configurations under certain assumptions.

Quasi Three-Dimensional Technique
In this section a brief description is given to explain how the two-dimensional
analysis may be used in a quasi three~dimensional sense to analyze scramjet inlets.
The technique is verified by calculating the flow field for a three-strut inlet for

which experimental results are available.

The following sketch shows the side view of a scramjet module:

Sidewall
leading edge

All the compression surfaces are swept back at an angle A, and the Mach number at
the face of the inlet is My. If the shock waves in the inlet do not detach and if
the end effects are neglected, the component of the velocity parallel to sidewall
sweep should remain unchanged, and the flow disturbances should occur in the plane
27Z' normal to the sidewall leading edge. The flow can, therefore, be solved by
using the two-dimensional code in the plane 2Z' with Mach number M1,N' The solu-
tion in the 2Z' plane can be projected to the plane of the cowl, and the velocity
distribution in the plane of the cowl can be obtained by superimposing the constant
velocity component over the aforementioned solution. In case of viscous flows, an
approximate boundary-layer profile has to be prescribed for the constant tangential
velocity component before superimposing it. By knowing the velocity and density
distributions it is possible to estimate the flow spillage from this class of three-
dimensional inlets as a function of cowl location. Thus, the two-dimensional anal-
ysis may be used in preliminary parametric design studies of the scramjet inlet to
determine the effects of various parameters such as sweep of the sidewalls, number of
struts and their locations and shapes, cowl location and its shape, and others. As
will be seen, the analysis can also give an indication as to whether the inlet will
operate for a given set of flight conditions.



By using this approach the two-dimensional code is used to analyze the three-
strut scramjet-inlet configuration, details of which are given in reference 3. The
inlet sidewalls are swept at an angle of 48°. Figure 8 shows a comparison of the
turbulent sidewall pressure distribution. The experimental measurements have been
made in a plane parallel to the cowl which is located at about half of the inlet
height. This particular plane is chosen for comparison purposes so that the cowl
shock does not affect the measured sidewall pressures up to the point of comparison
in the axial direction. (The present analysis cannot account for the cowl shock
disturbances.) It is seen from figure 8 that the present calculations are in very
good agreement with the measured values. The present analysis estimates an inlet
capture of about 97 percent which is slightly higher than the experimentally measured
value of 94 percent. This is expected because the end effects, which are not
accounted for in the present analysis, increase the flow spillage.

Parametric Study

Preceding results show the direct application of the two-dimensional code in
analyzing the actual inlet configurations. The type of agreement obtained for the
three-strut inlet gives credibility to the code in its use as a tool for parametric
studies in inlet design. 1In the present study, this is done by analyzing one- and
two-strut inlets over a range of Mach numbers. The sidewall leading-edge sweep for
these inlets is prescribed as 33°. Realistic flow conditions are used in the anal-
ysis and are shown in the following table:

o T
M_ My M1,N Mg; %' Npe perm
4 3.43 2.88 0.00963 322 5.43 x 10®
5 4.29 3.60 .00648 328 4.57
6 5.18 4.34 .00456 329 3.88
7 6.00 5.032 .00355 335 3.49

Figure 9 shows the geometry of a one-strut inlet in a plane normal to the side-
wall leading-edge sweep. The initial width of the inlet is 15 cm and other dimen-
sions and angles are shown in the figure. Figure 10 shows the pressure contours for
the inviscid flow at three Mach numbers. No solution could be obtained at the lowest
Mach number, M1 N = 2.88 (M°° = 4), for which the shock waves detached in the inlet.
For this case, after a sufficient number of time-steps, a normal shock formed just
downstream of the inflow boundary resulting in a large mass imbalance. The mass
imbalance occurs when the governing equations fail to produce a solution for the
prescribed inflow boundary conditions; that is, the inlet minimum-area section cannot
pass the inflow mass and the flow chokes. It is seen from the contour plots in fig-
ure 10 that the shock wave from the sidewall coalesces with the shock wave from the
strut leading edge to form a stronger shock. For the laminar flow, the strong shock,
formed by the shock-wave coalescence, caused a large separated region on the sidewall
which produced an induced shock in front of the separated region. The induced shock
choked the flow in a manner similar to that described earlier, and again no meaning-
ful solution could be obtained at any of the Mach numbers considered here. For the
turbulent flow, the solution could be obtained at the highest Mach number, but the
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flow choked again at lower Mach numbers. The following table summarizes the condi-
tions for which the solutions could or could not be obtained (indicated by "yes" and

no," respectively):

Mach number, Type of flow
M o ,
o Inviscid Laminar Turbulent
7 Yes No Yes
6 Yes No No
5 Yes No No
4 No No No

Figure 11 shows the variation of inviscid-flow spillage as a function of cowl
location for M_= 7.0. Spillage is calculated by assuming that the inlet height is
equal to its initial width. The results obtained from the code of reference 4, which
is a second-order numerical solution of the supersonic inviscid flow, are also shown
in this figure. It is seen that the present calculations agree very well with those
obtained from the code of reference 4.

In order to eliminate the problem of shock-wave coalescence in the one-strut
inlet, a two-strut inlet is considered. The geometry of this inlet is shown in fig-
ure 12. The initial width of the inlet is again 15 cm. Other dimensions and angles
are shown in the figure. The strut surface, on which the shock from the sidewall
strikes, is kept parallel to the oncoming flow so that no shock is produced by this
surface. This avoids the possibility of shock-wave coalescence. Figure 13 shows the
pressure contours for the laminar flow at three Mach numbers. The corresponding
velocity~-vector fields are shown in figure 14. No viscous-flow solution could be
obtained for the lowest Mach number because of the choking of the flow caused by the
boundary-layer separation. The solutions could be obtained at all Mach numbers for
the inviscid flow. The following table summarizes the conditions for which the solu-

tions could or could not be obtained (indicated again by "yes"™ and "no,"
respectively):
Mach number, Type of flow

Mo Inviscid Laminar Turbulent

7 Yes Yes Yes

6 Yes Yes Yes

5 Yes Yes Yes

4 Yes No No

The table clearly shows the improvement in the performance of the two-strut inlet
over the one-strut inlet.

The preceding parametric study indicates that the numerical computer code devel-
oped herein can be used to modify or eliminate some of the designs or flow conditions
which are not expected to perform well and, thus, can help in reducing the experi-
mental testing required for inlet design.
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CONCLUDING REMARKS

Two—-dimensional Navier-Stokes equations have been used to analyze the flow in a
supersonic combustion ramjet (scramjet) inlet. The analysis uses a numerical coordi-
nate transformation which generates a set of boundary-fitted curvilinear coordinates.
The embedded bodies in the flow field are transformed into slits. MacCormack's
unsplit, explicit, two-step, finite-difference method is used to solve the governing
equations. A two-layer eddy-viscosity model is used for the turbulent flow. The
numerical computer code can analyze both inviscid and viscous flows with no strut,
one strut, or maltiple struts in the flow field.

Results are presented for one model inlet problem and for several actual
scramjet-inlet configurations. 1In all these cases, the code predicted the complex
wave interactions and shock—-boundary-layer interactions very well. The application
of the two-dimensional analysis in the preliminary parametric design studies of a
scramjet inlet is discussed briefly. It is shown that the two~dimensional analysis
can give an indication as to whether the inlet will operate for a given set of flight
conditions.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

October 6, 1981
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Fiqure 3.- An example of numerical coordinate transformation.
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Figure 4.- Geometry of the model inlet problem.
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Figure 13.- Pressure contours for laminar flow at three Mach numbers.
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